Context: The metabolism of thyroid hormones, which are essential for normal development, involves many proteins and enzymes. It requires iodine as a key component but is also influenced by several other micronutrients, including selenium, zinc, iron, and vitamin A. Objective: This systematic review was designed to investigate the effect of micronutrient status and supplementation on iodine status and thyroid hormone concentrations. Data Sources: Using the PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analysis) guidelines, electronic databases were searched from their inception to April 2016. Study Selection: Human studies published in English and reporting data on micronutrient status and iodine status and/or thyroid hormone concentrations were included. Studies that examined the effect of micronutrient supplementation on iodine status and/or thyroid hormone concentrations were also included. Data Extraction: A predesigned and piloted data extraction form was used to compile data from individual studies. Results: A total of 57 studies were included: 20 intervention studies and 37 observational studies. Although observational evidence suggests that concentrations of selenium, zinc, and iron are positively associated with iodine status, data from randomized controlled trials fail to confirm this relationship. Conclusions: Further studies are needed to provide greater understanding of the role of micronutrient status in iodine nutrition and thyroid function to ascertain the public health implications for populations worldwide.
INTRODUCTION
The thyroid gland is recognized for its role in maintaining human health through the regulation of normal growth and metabolism. 1, 2 The thyroid hormones synthesized by the thyroid, ie, thyroxine (T4) and triiodothyronine (T3), are critical for brain and neurological development. 1, 3 Iodine is an essential component of these hormones and is therefore required for their synthesis. 1, 4 Globally, it has been estimated that 2 billion people (31%) are iodine deficient 5 and that such deficiency is not confined to developing countries. Indeed, recent epidemiological evidence has shown that 52% of the European population is iodine deficient. 5, 6 The urinary iodine concentration is a validated biomarker used to assess the risk of iodine deficiency in a population. 7 It is also a sensitive indicator of recent iodine intake. Although it does not provide direct information about thyroid function, it can be used to indicate the risk of thyroid dysfunction in a population. 6, 8 While there is currently no consensus on the most appropriate measure of iodine status at the individual level, the ratio of iodine to creatinine in urine is often calculated because it corrects for urine volume.
Concentrations of thyroid hormones (total and free triiodothyronine [T3] and thyroxine [T4] , and the T3:T4 ratio) and thyroglobulin are also frequently used as indirect measures of iodine status. Serum concentrations of thyroid hormones are tightly regulated by thyrotropin from the pituitary gland 10 and are maintained within relatively narrow limits, owing to this tight homeostatic regulation. 11 Evidence suggests that concentrations of thyroid hormones (including thyrotropin, T3, and T4) will remain within normal ranges in mild iodine deficiency; it is only in the case of severe iodine deficiency that concentrations will fall outside the normal ranges, thus limiting the sensitivity of thyroid hormone levels as a measure of iodine status. 8, 12, 13 The metabolism of thyroid hormone is dependent on many proteins and enzymes, and the expression and function of these enzymes is influenced by the availability of iodine. 1 In healthy adults, the body contains 15 to 20 mg of iodine, of which approximately 70% to 80% is present in the thyroid gland.
14 To maintain normal thyroid function, a minimum iodine intake of 150 mg/d is recommended for adults 15 ; of this, 50 to 70 mg/d is required to ensure an adequate supply of thyroid hormones. 4, 16, 17 Iodine is a key component of thyroid hormone biosynthesis. Ingested iodide is absorbed in the small intestine and transported in plasma to the thyroid gland, where it is trapped and oxidized, subsequently binding to tyrosine to form iodothyronines in thyroglobulin. 18 Thyroglobulin then undergoes proteolysis, and T3 and T4 hormones are secreted and transported to target tissues. 18 The thyroid adapts to low dietary iodine intakes (< 100 mg/d) by increasing thyroidal iodine clearance and decreasing renal iodine clearance. 4, 19 At very low iodine intakes (< 50 mg/d), thyroidal iodine stores become depleted, and many individuals will develop goiter, ie, an enlarged thyroid gland. 4, 19 Several other micronutrients, including selenium, zinc, iron, copper, and vitamin A, are believed to be involved in maintaining optimal thyroid function. Selenium is a component of several selenoproteins that help regulate thyroid hormone synthesis and protect the thyroid gland from oxidative stress. 20, 21 An important function of selenium is its interaction with iodine during conversion of the T4 hormone to the metabolically active T3 hormone. 22 In selenium deficiency, there is a hierarchy of selenium supply to specific tissues. While selenium concentrations in the liver and kidney are decreased under conditions of deficiency, there appears to be less of an effect on the thyroid gland. 1 Evidence has shown altered thyroid hormone levels in selenium-deficient individuals and a reduced turnover of thyroid hormone, but some reports dispute this. 1, 22, 23 Previous animal and human studies have reported that iron is required to catalyze the synthesis of thyroid hormones, as synthesis requires thyroid peroxidase, which is heme dependent. 24 Iron deficiency impairs thyroid hormone metabolism, owing to reduced thyroid peroxidase activity, decreased conversion of T4 to T3, and significantly lower levels of circulating T3 and T4. 25, 26 The role of vitamin A, zinc, and copper in thyroid hormone metabolism has also been reported. 25, 27, 28 Adequate uptake of iodine by the thyroid requires vitamin A, 25, 26 and previous research has outlined how vitamin A deficiency can impair the synthesis of thyroglobulin and reduce the uptake of thyroidal iodine. 29, 30 Zinc is required for normal thyroid homeostasis and the maintenance of thyroid function. 1 In addition to selenium, zinc is also involved in the conversion of T4 to the metabolically active T3. 31 Copper is required for the synthesis of phospholipids, which stimulate thyrotropin production, and copper deficiency has been shown to decrease concentrations of thyroid hormones. 1, 32, 33 Deficiencies of multiple micronutrients often coexist and can impair physical growth, brain function, and neurological development and can increase the risk of morbidity and mortality. 34 Approximately one-third of the world's population is deficient in 1 or more micronutrients, with deficiencies of iodine, iron, zinc, vitamin A, and folate reported most commonly. 34 Deficiencies in 1 or more of these essential vitamins or minerals are typically a consequence of poor-quality diets and/or inadequate micronutrient absorption resulting from infection or inflammation. 35 It is possible that micronutrient deficiencies may exacerbate iodine deficiency and contribute to altered thyroid function. 36 To date, no systematic review has studied the associations between micronutrients, iodine status, and thyroid hormones. Given the increasing prevalence of iodine deficiency in Europe, 5, 6 a review of the evidence in this area is warranted. Therefore, the aim of this systematic review was to investigate the effect of micronutrient status and supplementation on iodine status and concentrations of thyroid hormones. Within this, the 2 specific objectives were to investigate (1) the associations between micronutrient status and concentrations of iodine and/or thyroid hormones and (2) the effect of micronutrient supplementation on concentrations of iodine and/or thyroid hormones. It was hypothesized that there would be evidence of associations between the status of iodine, selenium, iron, and zinc and the concentrations of iodine and thyroid hormones. We also hypothesized that supplementation with micronutrients would improve iodine status in iodine-deficient individuals.
METHODS
The present systematic review was based on the Cochrane methodology for systematic reviews, 37 using the PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analysis) guidelines. 38 
Search strategy
Electronic databases (Ovid MEDLINE, Embase, Web of Science, PubMed, and Cochrane Central Register of Controlled Trials [CENTRAL]) were searched from their inception up to April 2016 using text terms with appropriate truncation and Medical Subject Headings. A limit was placed on all databases to search for human studies only. To check the sensitivity of the search in identifying all potentially relevant articles, the search filter was tested in Ovid MEDLINE (see Appendix S1 in the Supporting Information online). The search filter was modified as required for each database. A secondary search of the reference lists of included studies was also conducted to identify additional potentially relevant articles.
Eligibility criteria
Only full-length articles published in the English language were included. To be included, studies must have measured and reported data for at least 1 of the following outcomes: urinary iodine concentration, ratio of iodine to creatinine, thyrotropin concentration, thyroglobulin concentration, total T3, total T4, free T3, or free T4. Studies conducted in children, adults, elderly adults, and pregnant women were eligible for inclusion. Observational studies were eligible for inclusion if they examined concurrent iodine and micronutrient deficiencies or investigated associations between iodine and/or thyroid concentrations and status of micronutrients. An adapted PICOS (Problem, Intervention, Comparison, Outcomes, and Setting) strategy was used to establish the criteria for the included intervention studies (Table 1) . Intervention studies were eligible for inclusion if they (1) investigated the effect of supplementation with a single nutrient on iodine and/or thyroid hormone concentrations; (2) provided iodine supplementation and analyzed the effect on micronutrient status; or (3) compared the effects of iodized salt with those of dual-fortified salt (ie, iron and iodine) on iodine status or thyroid function. Intervention studies must have had a duration sufficient to observe a change in nutrient status to be included, ie, 6 weeks for selenium, 39 2 weeks for zinc, 40 12 weeks for iron, 41 and 8 weeks for vitamin A. 42 Intervention studies or placebo-controlled trials performed in areas with high rates of nutrient deficiencies are not always feasible or ethical. For this reason, intervention studies were eligible for inclusion if they were randomized controlled trials, nonrandomized studies with a concurrent control group, or before-after studies. Intervention studies comparing dual-fortified salt with iodized salt must have ensured that the iodine content of both salts was the same. Studies with participants who had been diagnosed with thyroid disorders (ie, Graves disease), chronic medical conditions (ie, Hashimoto disorder, phenylketonuria), or genetic conditions (ie, Down syndrome) or who had been prescribed medication that might affect thyroid function were excluded.
Study selection and data extraction
All search records returned from each database were exported to RefWorks, and duplicate records were removed. Titles and abstracts of potentially relevant articles were screened by 2 authors using a predefined and piloted form (see Appendix S2 in the Supporting Information online). A joint decision was made on the selection of studies meeting inclusion criteria, and those not meeting the inclusion criteria were removed. Disagreements regarding inclusion of ambiguous articles were discussed with a third author, and a consensus was reached. Full texts of the remaining articles were obtained and assessed for eligibility using the aforementioned criteria. For all included studies, a predesigned and piloted data extraction form was used to compile data from individual studies, including country/setting, sample size, population group, study design, inclusion criteria, and study findings (see Appendix S3 in the Supporting Information online). Statistical data were also extracted where applicable.
Study quality and risk of bias
The Newcastle-Ottawa scale was used to assess the quality of cross-sectional studies. 43 Cochrane methodology was used to assess the risk of bias each intervention study included. 37 
RESULTS

Study selection
Figure 1 presents a PRISMA flow chart detailing the selection of studies. Searches identified 15 007 references, which were screened by abstract for eligibility. Of these references, 14 801 were removed because they did not meet the selection criteria. Subsequently, 206 full-text articles were retrieved and assessed for eligibility. Of these, 149 did not meet the inclusion criteria and were excluded. Reasons for exclusion included missing data or a study design or population group that did not meet the inclusion criteria. In total, 57 studies were included in this review: 20 intervention studies and 37 observational studies. Of the 20 intervention studies included, 2 also assessed baseline associations between iodine or Studies that measured outcomes other than thyroid hormone concentrations or micronutrient status Study design Randomized controlled trials, nonrandomized studies with a concurrent control group, and before-after studies.
Single-nutrient supplementation studies that (1) investigated the effect(s) of supplementation on iodine and/or thyroid hormone concentrations; (2) provided iodine supplementation and analyzed the effect on micronutrient status or compared the effects of iodized salt with those of dual-fortified salt (ie, iron-and iodine-fortified salt) on iodine status or thyroid function were eligible. Intervention studies must have had a duration sufficient to observe a change in nutrient status
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thyroid hormone concentrations and nutrient status. 44, 45 In total, there were 37 cross-sectional and baseline observations from 2 intervention studies.
Characteristics of included studies
The characteristics of the included studies are detailed in Tables S1 and S2 in the Supporting Information online. The 37 cross-sectional studies involved a total of 27 726 participants, and the 20 intervention studies a total of 4136 participants. Included studies were conducted in a range of population groups encompassing children, adults, elderly adults, and pregnant women. The majority of studies included both males and females. Studies had been conducted in many countries worldwide, in countries with and without salt iodization, and in both developed and developing countries.
Observational evidence of associations between urinary iodine concentration and micronutrient status
Of the 10 studies that examined the association between selenium status and urinary iodine concentration, 8 reported a positive association. Of the 5 studies that examined the association between iron status and urinary iodine concentration, 3 reported a positive association (Table 2) . The only study that examined the association between vitamin A status and urinary iodine concentration reported no significant association. 58 Five studies examined the association between zinc status and urinary iodine concentration, 3 of which reported a positive association. The discrepancy in study findings may be attributable to the measurement of different biomarkers of zinc status (urine vs serum concentrations). The only study that examined associations between copper status and iodine status reported no significant association. 46 Only 1 study examined the association between molybdenum status and iodine status, reporting a positive association. 46 Observational evidence of associations between thyroid hormones and micronutrient status
The majority of studies reported no significant association between thyroid hormone indices (thyrotropin, T3, or T4) and selenium or iron status (Table 3) . 44, 45, 49, 53, 55, Of the 5 studies that examined the association between selenium and the T3:T4 ratio, 3 reported a positive association and 2 reported no significant association. Only 2 studies examined the associations between vitamin A status and thyroid hormone parameters; overall, there does not seem to be any association between concentrations of thyroid hormones and vitamin A status. 75, 85 The majority of studies reported no significant association between thyroid hormone indices and zinc status. Only 1 study investigated the associations between copper status and thyroid hormone concentrations (Table 3) , reporting positive associations in female participants only. 71 Two studies examined associations between vitamin D status and thyroid hormone concentrations (Table 3) : 1 found a negative association between vitamin D and thyrotropin, but only in participants aged 15 to 44 years, 87 and the other found no significant association. 88 Effect of micronutrient supplementation on iodine and thyroid hormones
The effect of selenium supplementation on thyroid hormone concentrations was measured in 9 studies, while the effect of selenium supplementation on the urinary iodine concentration was investigated in 1 study (Table 4) . 44, 45, [95] [96] [97] [98] [99] [100] [101] [102] [103] [104] [105] [106] [107] [108] [109] [110] [111] [112] The majority of studies found that selenium supplementation did not significantly affect iodine status or thyroid hormone concentrations. The effect of iron supplementation on thyroid hormone concentrations was measured in 4 studies, while the effect of iron supplementation on iodine status was measured in 5 intervention studies. The majority of studies found that iron supplementation did not significantly affect thyrotropin, T3, T4, or iodine status.
One study found that vitamin A supplementation decreased thyrotropin and thyroglobulin concentrations in iodine-deficient participants, while dual-fortified salt (vitamin A and iodine) had minimal effects on thyroid hormone concentrations. 98 The other intervention study reported that vitamin A supplementation decreased thyrotropin and T4 concentrations but increased T3 concentrations (Table 4) . 97 The effect of zinc supplementation on thyroid hormone concentrations was measured in 1 study, which reported a decrease in thyrotropin concentration and an increase in T3 and T4 concentrations in goitrous participants following zinc supplementation (Table 4) . 99 
Coexisting micronutrient deficiencies
Only 3 studies included in this review investigated the prevalence of iodine and coexisting micronutrient deficiencies. 46, 83, 113 These studies reported iodine deficiency or thyroid dysfunction to commonly present with iron, zinc, or vitamin A deficiencies.
Quality of included studies
The majority of the included cross-sectional studies had high scores for selection, as shown in Table S3 in the Supporting Information online. In most studies, Abbreviations: DR, Democratic Republic; F, female; Hb, hemoglobin; M, male; NR, not reported; NS, nonsignificant; SF, serum ferritin; TfR, transferrin receptor; TIBC, total iron-binding capacity;
TSAT, transferrin saturation; USI, universal salt iodization. aIndicates a significant positive (þ) or negative (À) association (P < 0.05), as assessed by regression analysis using Spearman or Pearson correlation. Abbreviations and symbols: C, control; FT3, free triiodothyronine; FT4, free thyroxine; I, intervention; NR, not reported; NS, nonsignificant; TT3, total triiodothyronine; TT4, total thyroxine; UIC, urinary iodine concentration; #, significantly decreased following supplementation (P < 0.05), ", significantly increased following supplementation (P < 0.05).
participants were selected randomly and were representative of the general population. All studies used a validated measurement tool (biochemical analysis) to ascertain the exposure. The majority of studies were awarded only 1 star or no stars for comparability. The low quality was largely a result of studies that did not control for important factors such as thyroid condition, age, or sex. The majority of studies were awarded 2 to 3 stars for the outcome category, meaning that the appropriate statistical analysis was conducted and was fully described. Performance bias was low in 18 of the 20 intervention studies (see Table S4 in the Supporting Information online), indicating that blinding of participants and personnel was adequately described within the studies. The majority of studies controlled for baseline differences and had a low risk of other bias. Attrition bias was high in 4 of the included studies: 1 study stopped providing micronutrient supplementation before the end of the study, 2 studies were missing endpoint data, and 1 study terminated early. Selection bias was described as unclear for many intervention studies, as little or no information was provided on how participants were randomized to the intervention arm or the control arm of the study. Detection bias was also classed as unclear in the majority of studies. It was unclear if participants were aware of the study outcome or if they were blinded. In a large number of studies, it was unclear if reporting bias was present, since it was unclear whether a predefined protocol was available. Only a few studies made reference to a published study protocol.
DISCUSSION
This systematic review evaluated the evidence from observational and intervention studies of the associations between micronutrients, iodine status, and thyroid hormone concentrations. The majority of evidence presented in this review showed the status of selenium, iron, and zinc to be positively associated with iodine status, as measured by urinary iodine concentration. The interaction of iodine with selenium, iron, and zinc is well recognized, as selenium and zinc are required for conversion of the T4 hormone to the metabolically active T3 hormone, 22, 31 while iron is required for the initial stages of thyroid hormone synthesis. 24 It is important to recognize that, in the presence of iodine deficiency, especially in cases of severe iodine deficiency, other micronutrient deficiencies may also exist. Iron, selenium, and zinc deficiencies often coexist with iodine deficiency and can impair thyroid function. Deficiencies of iodine, selenium, iron, and zinc share similar causal factors, namely inadequate dietary intake, consumption of a predominantly plant-based diet, and diseases that either cause excessive nutrient losses or impair the absorption of micronutrients.
2 Deficiencies of selenium, iron, and zinc can blunt the effectiveness of iodine supplementation and should be corrected to maximize the efficacy of iodine supplementation. 24, 36 In cases of severe iodine and selenium deficiency, it is imperative that iodine status be corrected and normalized before treatment for selenium deficiency is initiated to prevent the onset of hypothyroidism. 24 Given the associations between micronutrients and iodine status outlined in the present review, it is important that health professionals adopt a holistic approach to the treatment of micronutrient deficiencies, as altering the status of 1 micronutrient may have deleterious effects on iodine status and, thus, thyroid function.
Although there is evidence that vitamin A and copper have roles in thyroid function, the lack of suitable observational studies made it difficult to draw any meaningful conclusions about the associations between other micronutrients (vitamin A, copper, and molybdenum) and iodine status; therefore, further research in this area is needed. Future research should also investigate whether other micronutrient deficiencies are present in individuals with mild or moderate iodine deficiency. There is a paucity of data on the coexistence of iodine deficiency and other micronutrient deficiencies. The prevalence of micronutrient deficiencies should be monitored at a population level, particularly in groups vulnerable to the effects of these deficiencies, such as pregnant women.
The associations between iodine and micronutrients appear to be consistent across both developing and developed countries and across a spectrum of countries with varying forms of salt iodization legislation in place, which proves interesting since the underlying micronutrient status of these populations may be considerably different from one another. Further research is required to investigate the factors contributing to iodine deficiency in developed countries and to establish whether deficiencies in other micronutrients coexist with iodine deficiency. Future studies could also investigate the effect of salt iodization programs on micronutrient status.
Micronutrients such as selenium, zinc, iron, copper, and vitamin A are required for the regulation and metabolism of thyroid hormones. 1, 36 Animal studies have demonstrated associations between micronutrient status and levels of thyroid hormones, but it is very difficult to confirm these associations in heterogeneous human populations. 1 The present review has found little evidence of an association between micronutrient status and concentrations of thyroid hormones. Recent research has demonstrated thyroglobulin to be a sensitive marker of iodine status because it is more sensitive to changes in dietary iodine intake than thyrotropin, T3, or T4. 9, 114 Since the majority of studies included in this review did not measure thyroglobulin, the effect of micronutrient status and supplementation on thyroglobulin concentrations remains unknown. Additional research is in this area is warranted.
Despite the relatively consistent observational evidence showing a positive association between selenium, iron, and zinc concentrations and iodine status, only a limited number of intervention studies have measured the effect of micronutrient supplementation on iodine status. The majority of micronutrient supplementation trials included in this review demonstrated no effect of supplementation on thyroid hormone concentrations. Following micronutrient supplementation, thyroid function may remain unchanged, as concentrations of thyroid hormones in serum are tightly regulated and are maintained within relatively narrow limits. 10, 11 Methodological differences between studies are likely to have contributed to the inconsistency in the reported findings. There was considerable variation in both the type of intervention delivered (whole diet vs supplementation) and the duration of supplementation (8 weeks to 5 years). Seasonality is also known to influence thyroid function, 115 yet many of the studies included in the current review neither reported nor controlled for season in their study design or analyses. The included intervention studies were conducted in populations with varying levels of iodine and micronutrient deficiencies, which can affect the response to micronutrient supplementation. 24, 36 Thyroid function is known to decline with age, 116 ,117 yet several of the included intervention studies were conducted in elderly populations, making it difficult to compare results with findings in younger populations.
The comparability between intervention studies is also limited by analytical differences in the method of nutrient assessment used as well as by differences in the time of day of blood collections, which can affect thyroid hormone levels. 118 Many of the studies included in this review were not intended to assess the effect of micronutrient supplementation on iodine status or levels of thyroid hormones as a primary outcome. Future randomized controlled trials using iodine as an intervention should measure the effect of iodine on the status of other micronutrients, particularly selenium, iron, and zinc. A number of factors, including age, ethnicity, sex, and body mass index, can influence thyroid function 116, 117, 119, 120 and should be taken into account when designing and interpreting research studies. Although there is potentially large heterogeneity between studies in terms of design and population groups, the majority of the studies included in the present review are of high quality. A limitation of this review is that, owing to constraints on resources, only papers published in the English language were eligible for inclusion.
Iodine is a key nutrient for women of childbearing age, particularly those planning a pregnancy. 6 The prevalence of multiple micronutrient deficiencies in many countries is highest in population groups like adolescents and women of childbearing age. 5, [121] [122] [123] These groups, particularly during pregnancy, are most vulnerable to the effects of iodine deficiency and other micronutrient deficiencies. 4, 123 As this review has shown selenium, iron, and zinc status all to be associated with iodine status, women of childbearing age and planning a pregnancy should be advised to consume a healthy, balanced diet to ensure they meet dietary recommendations for these nutrients. Future research and monitoring programs should focus on the nutritional status of these population groups and consider effective strategies to combat multiple micronutrient deficiencies. The long-term effect of such deficiencies in women during pregnancy on the iodine status and thyroid function of both the mother and offspring should also be monitored.
CONCLUSION
There is convincing evidence that levels of selenium, zinc, and iron are positively associated with iodine status. Deficiencies of selenium, zinc, and iron may hinder the effectiveness of public health initiatives to improve iodine status in regions of iodine deficiency and thus should be corrected to maximize the benefit of such initiatives. Micronutrient supplementation appears to have no measurable effect on concentrations of thyroid hormones. However, conclusions about the effect of micronutrient supplementation on concentrations of iodine and thyroid hormones were hindered by a lack of studies and by the heterogeneity in study populations and designs. Further randomized controlled trials of adequate power in well-defined populations are warranted to investigate the effect of micronutrient supplementation on iodine status and thyroid function. Considering the interactions between iodine and other micronutrients, an integrated approach to eradicate iodine deficiency while addressing coexisting micronutrient deficiencies may be more advantageous than addressing iodine deficiency alone.
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